INTRODUCTION
A host of cellular processes enable plants to defend themselves from disease. These processes apparently form an integrated set of resistance mechanisms that is activated by initial infection and then limits further spread of the invading pathogenic microorganism. When the plant recognizes pathogen attack, it responds by inducing several local responses in the cells immediately surrounding the infection site. These include a localized cell death known as the hypersensitive response (reviewed by Slusarenko et al., 1991) , deposition of callose (reviewed by Kauss, 1987) , the physical thickening of cell walls by lignification (reviewed by Vance et al., 1980) , and the synthesis of various antibiotic small molecules (e.g., phytoalexins) (reviewed by Dixon, 1986) and proteins (e.g., cell wall hydrolases) (reviewed by Bowles, 1990) . Genetic factors in both the host and the pathogen determine the specificity of these local responses (reviewed by Keen, 1990) , which can be very effective in limiting the spread of infection.
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pathogen. Acquired physiological resistance to disease was first documented early in this century and has been thought to "play an important role in the preservation of plants in nature" (Chester, 1933) . Many reports of various types of induced resistance in a variety of host/pathogen systems can be found in the literature (reviewed by Chester, 1933; Kuc, 1982) . Typically, the resistance is effective against a broad range of pathogens and can last for several weeks to months after the initial, inducing infection. From such studies has emerged the idea that induced resistance mechanisms might provide new strategies for crop protection either through the development of transgenic plants that constitutively express molecular components of induced resistance or through the discovery of new chemical compounds that act by stimulating natural disease resistance mechanisms (Kuc, 1982; Métraux et al., 1991; Ryals et al., 1991) . However, progress toward implementing these strategies has been limited by the availability of data concerning the biochemistry and molecular biology of induced resistance.
A clearly defined example of the immunity reaction was established in a series of experiments by Ross (Ross, 1961 (Ross, , 1966 . His work demonstrated that tobacco reacting hypersensitively to tobacco mosaic virus (TMV) would induce systemic resistance in uninfected portions of the plant, resulting in decreased symptom severity from secondary infections by several different pathogens. This phenomenon of induced resistance to lesion formation was termed systemic acquired resistance (SAR). Subsequently, several exogenously applied chemicals have been shown to induce SAR (Gianinazzi and Kassanis, 1974; White, 1979; Gianinazzi, 1984) . One of these compounds, salicylic acid (SA), accumulates in TMV-infected tobacco (Malamy et al., 1990 ) and has been identified as an endogenous, phloem-mobile compound in cucumber plants induced to a resistant state (Metraux et al., 1990) . It has been suggested that SA is the signal compound that induces SAR in these plants (Malamy et al., 1990; Metraux et al., 1990) .
In this study, we have characterized the induction of a set of nine classes of mRNAs that are coordinately induced concomitantly with the onset of SAR. The same set of mRNAs was found to be coordinately expressed after the exogenous application of two different chemical agents: SA, the putative resistance-inducing endogenous signal, and methyl-2,6-dichloroisonicotinic acid (INA), a synthetic regulator of induced resistance (Metraux et al., 1991) . The timing and degree of resistance induced by TMV and the two chemicals correlated with the timing and amount of transcript accumulation induced by the different treatments.
given concentration compared with spray application (data not shown).
In all experiments, the onset of SAR was assayed as a decrease in the size of the TMV lesion. Previous work had shown that the decrease in TMV lesion size parallels an increase in resistance to Cercospora nicotianae, Peronspora tabacina, Phytophthora parasitica var nicotianae, and Pseudomonas syringae pv (abaci (P. Ahl-Goy, manuscript in preparation). Because the TMV assay is easier both to manipulate and to contain in the greenhouse, it was chosen as an indicator for the onset of SAR. Figure 1 illustrates typical biologically induced SAR. The data in Table 1 show that resistance in response to TMV induction was detected in systemic tissue within 6 days, in accordance with previous reports (Ross, 1961) . The two chemical compounds were found to induce resistance to varying extents (Table 1) . SA induced resistance within 2 days and was accompanied by phytotoxicity that was first detectable approximately 2 days after treatment. SA was also effective at lower concentrations, but its action was less dramatic (data not shown). In these experiments, the INA compound had little effect in tobacco at 2 days after injection (Table 1) . At 4 days after treatment, however, significant reduction in lesion size was observed. INA did not cause noticeable phytotoxicity at the concentration used.
RESULTS

Induction of SAR
To correlate the onset of SAR with the induction of gene expression, tobacco plants were treated with various inducers, and subsets of the plants were either scored for resistance or harvested for RNA isolation. For experiments using TMV, plants were inoculated on lower leaves and then harvested at 3-day intervals after the inducing infection. Both infected lower leaves (primary leaves) and uninfected upper leaves (secondary leaves) were sampled for RNA. In parallel, secondary leaves of identically treated plants were challenge inoculated with TMV and scored for resistance 7 days later.
For experiments involving SA treatment, the compound was applied by spraying entire plants to minimize the effects of translocation. It was clear from previous experiments that exogenously applied salicylate is either metabolized or sequestered so that only a small fraction of the initially applied compound is detectable in nontreated leaves (Metraux et al., 1990) . In addition, because preliminary experiments had indicated that gene expression was strongly induced within 1 day after SA treatment, the plants were sampled for RNA isolation repeatedly over a 48-hr period. INA was injected into leaves because injection resulted in much greater efficacy of the compound at a Plants were treated at time O and then inoculated with TMV at the times shown. Values are the average size of TMV lesions, scored at 7 days after inoculation. In part a, uninfected upper leaves were challenge inoculated. In parts b and c, treated leaves were challenged. In part b, plants were subjected to spray treatment. In part c, leaves were injected as described in Methods.
SD < 1 mm.
Scored after 1 O days.
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Gene Expression Associated with SAR
To define the onset of SAR at the molecular levei, we previously characterized the structure of 29 distinct genes putatively induced during the onset of resistance. These genes were isolated using several methods, including isolation and characterization of proteins followed by cDNA identification with oligonucleotides, cross-hybridization of known cDNA clones to previously unknown related genes, and differential screening of cDNAs expressed in tissue rendered systemically resistant by TMV infection. The cDNA clones fali into 13 distinct gene families that encode the 1 O pathogenesis-related (PR) proteins from tobacco and their basic counterparts (reviewed by Carr and Klessig, 1989; BOI et ai., 1990; Ryals et ai., 1991) as well as several previously uncharacterized proteins. Table 2 summarizes the gene families and the cDNA clones used as probes in this study. The steady-state levels of the mRNAs from these gene families in tobacco plants infected with TMV were examined by RNA gel blot hybridization to determine which gene families were closely associated with the onset of resistance. Figure 2 shows the data obtained for primary (TMV-infected) leaf tissue and secondary (uninfected, systemic) tissue from the same plants. In primary leaves, mRNAs detected by all of the probes except the acidic peroxidase were induced by TMV. The timing of maximal induction varied between the different genes, but most reached a maximum of steady-state RNA at 6 days after infection. In secondary, uninfected tissue from inoculated plants, nine of the gene families were coordinately induced from low initial levels to maximal levels at the day 12 time point. The RNA induction patterns for these genes are depicted in the top nine panels of Figure 2 . The mRNAs for these genes began to accumulate to high levels at day 6, at which time SAR was first detected in the secondary tissue. The mRNA levels for both the basic form of jtf-1,3-glucanase and the basic form of chitinase did not accumulate in the uninfected tissue and, therefore, were not associated with the onset of SAR. SAR 8.2 showed an induction pattern distinct from the first nine genes. This mRNA was expressed in healthy, untreated tissue and increased about twofold in uninfected tissue within 3 days of TMV treatment. Therefore, SAR 8.2 was induced to a lesser extent but faster than the other SAR-related genes. The acidic peroxidase mRNA was not induced in systemic tissue after TMV infection. Time course of mRNA accumulation (in days) in primary (1 °) and secondary (2°) leaf tissue of plants inoculated with TMV or mock inoculated with buffer and carborundum. The probe labels correspond to the DMAs described in Table 2 .
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Gene Expression in Response to Chemical Induction
The steady-state mRNA levels induced by SA treatment are shown in Figure 3 . Qualitatively, the same nine genes induced by TMV in uninfected tissue were coordinately induced by salicylate treatment. The mRNA accumulation from these genes reached high levels at a time when the treated tissue had become resistant to further infection by TMV (Table 1) . Several of the genes, notably PR-2, -3, and -4, reproducibly displayed small oscillations in the amount of mRNA overlaid on the overall pattern of inducibility. The minima of induced expression of these genes occurred at the 12 hr time point, which coincided with the end of the photoperiod. Conceivably, expression of these genes may respond to the light regime or a circadian rhythm. Irradiance level has previously been shown to affect PR protein accumulation (Asselin et al., 1985) . Although the basic chitinase mRNA appeared to accumulate in response to SA in this experiment, neither the basic chitinase, the basic glucanase, nor the acidic peroxidase mRNAs reproducibly accumulated in response to SA in replicated experiments. We observed fluctuation in the levels of mRNA with time but found no clear indication that these RNAs accumulated in response to treatment by the chemical. Expression of the SAR 8.2 gene did increase in response to SA, with an increased rate of accumulation relative to the other nine mRNAs. Figure 4 shows gene induction by INA at 2 and 4 days after treatment. Injection of leaves with water resulted in a low level of induction of several genes above background. After 2 days, INA treatment induced low levels of accumulation of the same nine mRNAs as TMV and SA, but these were consistently higher than the water-injected controls. At that time point, there was also no indication of SAR in the treated tissue (Table 1) Figure 5 shows the result of such experiments. The 48-hr SA treatment induced accumulation of RNA to a level about one-half of that seen in secondary tissue at 6 days after TMV inoculation, and the 4-day INA treatment induced a level of RNA accumulation similar to that seen in the 48-hr SA treatment. SAR was observed strongly in the secondary TMV tissue and to a lesser extent in the SA-and INA-treated plants, indicating a positive correlation between the level of mRNA accumulation and the degree of SAR.
DISCUSSION
The induction of a physiological immunity reaction in plants infected with necrotrophic pathogens has been described in the literature for many years, but little is known about the molecular biology of this phenomenon. In this report, we have identified a set of nine gene families coordinately induced to high levels of expression during the onset of SAR in tobacco. These gene families include the PR proteins PR-1 (PR-1 a, PFMb, and PFMc), PR-2 (PR-2a, PR-2b, and PR-2c), PR-3 (PR-3a and PR-3b), PR-4 (PR-4a and PR-4b), and PR-5 (PR-5a and PR-5b), as well as the basic form of PR-1, the acidic and basic forms of class III chitinase, and a recently described extracellular Acidic peroxidase /M,3-glucanase, PR-Q'. We refer to this collection of gene families as SAR genes because their expression serves as a molecular marker for the onset of an induced resistant state.
Further support for the close association between the expression of the SAR genes and resistance is drawn from the effects of the two chemical inducers. SA has been known to induce both local resistance to TMV and the accumulation of PR proteins (White, 1979) . The results presented here demonstrate that SA treatment induces expression of the same set of genes as TMV and that the high-level expression of these genes correlates well with the onset of a resistant state. Furthermore, a synthetic immunization compound, INA, with activity in a number of plant species (Metraux et al., 1991) , protected tobacco against TMV and induced the SAR genes. We conclude that expression of the SAR genes coincides with the maintenance of SAR in tobacco. SAR 8.2 comprises a small gene family (D.C. Alexander, J. Stinson, C. Glascock, E. Ward, R. Goodman, and J. Ryals, manuscript in preparation) that was induced by all of the resistance-inducing stimuli detailed here. The constitutive expression level of SAR 8.2 varied significantly between experiments (see, e.g., Figures 2 and 3) . However, even in cases in which the background level was relatively high, the amount of transcript always increased upon induction of resistance. SAR 8.2 may, therefore, represent a second type of SAR-related gene with a distinct pattern of gene induction.
Variable background levels were also seen with the basic chitinase and glucanase mRNAs. However, these genes were not reproducibly induced by any of the agents. Expression of these genes has been shown previously to be coordinately regulated by levels of auxin, cytokinin, and ethylene (Mohnen et al., 1985; Shinshi et al., 1987) . Expression of the acidic peroxidase gene analyzed here was not induced under resistance-inducing conditions. However, given the diversity of peroxidase isozymes in tobacco (Lagrimini and Rothstein, 1987) , another form of the enzyme may be regulated in a fashion more similar to the SAR genes. For instance, in cucumber, an acidic peroxidase activity is a marker for an induced resistant state (Hammerschmidt et al., 1982) .
A relationship between PR protein accumulation and the induced resistant state has been suggested in the literature (Kassanis et al., 1974; Van Loon, 1975; Van Loon and Antoniw, 1982; Gianinazzi, 1984; Tuzun et al., 1989) , although questions about such a correlation have arisen (Fraser, 1982; Fraser and Clay, 1983) . Five of the nine SAR gene families described here encode the 10 PR Times shown are in days. PR-1 basic and PR-Q' probes showed minor background hybridization to ribosomal bands in this experiment. proteins of tobacco. The PR-2 proteins PR-2a, PR-2b, and PR-2c (formerly PR-2, PR-N, and PR-O, respectively) have P-1,3-glucanase activity in vitro (Kauffmann et al., 1987) . The PR-3 proteins PR-3a and PR-3b (formerly PR-P and PR-Q, respectively) have chitinase activity (Legrand et al., 1987) , and the PR-5 proteins PR-5a and PR6b (formerly PR-R and PR-S) are structurally related to a maize a-amylaseltrypsin inhibitor (Richardson et al., 1987) . Although the activities of PR-1 and PR-4 are not known, the other proteins all fall into classes of enzymes that have been demonstrated to have in vitro activity against plant pathogens and pests (Mauch et al., 1988; Roberts and Selitrennikoff, 1988; Richardson, 1991 ; Woloshuk et al., 1991) , and it is tempting to speculate that the SAR genes reported here have a causal role in disease resistance. Questions concerning this role in resistance could be addressed using transgenic plants expressing the SAR genes. Recent papers have shown that PR-1 and PR-5 expressed in transgenic tobacco do not confer increased resistance to TMV (Cutt et al., 1989; Linthorst et al., 1989) . The primary mode of action of INA is unknown. Presumably, the compound acts as either an inducer or an analog of the bona fide endogenous signal. SA is an endogenously synthesized compound that may signal activation of the resistant state in cucumber and tobacco (Malamy et al., 1990; Métraux et al., 1990) . The experiments presented here show that exogenously applied SA induces both the SAR genes and SAR to levels comparable with biologically induced SAR. The results are, therefore, consistent with the proposed role of SA as a signal molecule. This is a particularly interesting result because it might provide a biochemical basis for the link between pathogen-induced necrosis and the induction of SAR. Figure 6 illustrates two proposed biosynthetic pathways for the synthesis of SA in higher plants (see, e.g., El-Basyouni et al., 1964) . In one scheme, trans-cinnamic acid is converted first to 2-hydroxycinnamic acid and then through oxidation to SA. In the alternative pathway, transcinnamic acid is P-oxidized to benzoic acid and then ortho-hydroxylated to SA. Which of these pathways is favored in tobacco is unknown; however, it is interesting that both syntheses branch off the phenylpropanoid biosynthetic pathway from trans-cinnamic acid. The development of TMV-induced necrosis dramatically increases the activity of phenylalanine ammonia-lyase in tobacco (Fritig et al., 1973; Legrand et al., 1976; Duchesne et al., 1977) , and the induction of phenylalanine ammonia-lyase expression is linked to pathogeninduced necrosis in other plantlpathogen interactions (Bell et al., 1986) . If enzymes in the dedicated SA biosynthetic pathway are similarly induced during necrosis, then SA would be synthesized and could be released as a signal molecule. Therefore, the plant would respond to pathogen infection by inducing necrosis, or hypersensitivity, which would in turn result in the formation and release of SA and the induction of systemic resistance. The SA biosynthetic pathway, its regulation, and the mechanism by which SA triggers SAR gene expression clearly are areas for further study.
METHODS
Plant Material
Nicotiana tabacum cv Xanthim plants were grown in a greenhouse in a 16:8 hr 1ight:dark regimen. At 6 to 7 weeks of age, plants were infected with a suspension of the common strain (Ul) of TMV (0.5 mg/mL) in a solution of 10 mM sodium phosphate (pH 7) containing carborundum. Thirty milliliters of virus suspension was gently rubbed onto the adaxial surface of three lower leaves (referred to as the primary leaves). Control plants were mock inoculated in identical fashion with buffer and carborundum only. At each time point, the primary leaves from each of three plants were excised, snap frozen in liquid nitrogen, and pooled for storage. The next leaf acropetal to the infected leaves (referred to as the secondary leaf) was also collected from the three plants in the same fashion. At the time points indicated in Table 1 , induction of SAR was assayed by challenge-inoculating a set of three plants on three leaves acropetal to the leaves infected at time O. The size of 1 O lesions per leaf was either visually estimated or measured with a caliper 7 days after challenge inoculation. For time courses of induction by SA, plants were sprayed to the point of impending runoff with 50 mM aqueous solution of SA, sodium Salt (Sigma). Three treated leaves from each of four plants were collected at each time point as described above. In addition, resistance was assayed at 48 hr after treatment by infecting three leaves on each of four plants with TMV as described above. For experiments with INA, a suspension of a wettable powder formulation of the methyl ester of 2,6-dichloroisonicotinic acid (final concentration = 1 mM) was injected into leaves under the abaxial epidermis with a 27-gauge needle attached to a syringe. Approximately 3 mL per leaf was injected into two leaves of each plant. Samples for RNA extraction were pooled from three plants, and three additional plants were challenged with TMV.
RNA Extraction and Gel Blot Hybridization
RNA was purified from frozen tissue samples by phenol/chloroform extraction followed by lithium chloride precipitation (Lagrimini et al., 1987) . Ten-microgram samples of total RNA were separated by electrophoresis through formaldehyde agarose gels and blotted to nylon membrane (GeneScreen Plus, Du Pont-New England Nuclear) as described by Ausubel et al. (1 987) . Ethidium bromide was included in the sample loading buffer at 40 pglmL, which allowed photography under UV light after electrophoresis to confirm equal sample loading. Hybridizations and washing were essentially according to Church and Gilbert (1984) . For quantitative determinations of transcript abundance, DNA gel blots bearing known amounts of specific cloned DNAs, in 1 O-fold seria1 dilutions, were included in bags during hybridization of RNA gel blots. Amounts of hybridization to each transcript were quantitated directly by detecting 0-decay of 32P with a Betascope 603 blot analyzer (Betagen, Waltham, MA). Counts per minute were converted to transcript mass using the counts per minute values obtained from the DNA standards.
